INTRODUCTION
The design and preparation of novel fluorescent sensors for quantitative and qualitative detections using protons 1, 2 , small molecules 3, 4 , anions 5, 6 and cations [7] [8] [9] recognitions have become a subject of interest in research. This is due to their high sensitivity and selectivity, rapidity, functional simplicity, nondestructive of samples and real-time monitoring. Particularly, the capability of the fluorescent sensor to trap heavy metal ions (such 12 A fluorescent sensor with high selectivity to Ag + is highly desirable. The development of such a sensor for detection of Ag + is challenging, especially, "turn on" fluorescent sensor.
Based on the fact that sulfur bearing ligands could exhibit a high tendency to interact with Ag + due to the soft-soft acid-base interaction. 13 In recent years, several fluorescent sensors containing sulfur atoms for determination of Ag + have been reported. [14] [15] [16] However, most of these sensors exhibited poor water solubility, resulting in their limitations in cell permeability and the application in aqueous environmental and biological samples. Therefore, the hydrosoluble Ag + fluorescent sensor is needed.
Herein, [5] helicene derivative (M202) was chosen as the fluorophore because it can provide very large Stokes shifts and strong fluorescent emissions with a high quantum yield in visible wavelengths. Fluorophores with very large Stokes shifts provide well separated absorption and emission bands that can reduce self-absorption and auto-fluorescent interference, resulting in better sensitivity and a higher detection accuracy. [17] [18] [19] In addition, the hydroxyl groups contained in M202 could raise the hydrophilicity and hydrosolubility of the sensor in aqueous systems.
In this study, the prepared "turn on" fluorescent sensor, MC4, consisted of 2-[4-(2-aminoethylthio)butylthio]ethanamine (C4) and two units of M202, worked well for Ag + detection in aqueous ethanol condition, showing high sensitivity and selectivity and a low detection limit of 32 ppb. The solvent system of the sensor was also environmentally and biologically friendly, which allowed cell-permeability with great biocompatibility. 20 Moreover, since MC4 had great water-solubility, it could be utilized for Ag + intracellular monitoring in HepG2 cells.
MATERIALS AND METHODS

general Methods
To obtain mass spectra and NMR spectra, all products were characterized by ThermoElectron LCQ-DECA-XP, ESI-ion trap mass spectrometer and Bruker Avance 300 spectrometer using CDCl 3 with internal standard TMS and MeOD, respectively. Optical properties were studied using Hewlett Packard 8453 UV-Vis spectrophotometer for absorption spectra and Perkin Elmer Luminescence spectrometer LS 55 in quartz cuvette (1 × 1 cm), operating at excitation and emission slit widths of 5.0 nm with scan speed of 300 nm/min for fluorescent emission spectra. Molecular structures of MC4 and MC4-Ag + complex were optimized using Guassian09. Energies and geometrics were calculated at the B3LYP with 6-311G** basis set for main group element and LanL2DZ for Ag + , respectively. The calculated molecular figures were obtained by VMD program.
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Synthesis method
Common commercial chemicals and solvents were purchased from Sigma-Aldrich and Fluka Chemical Corporations. These reagents were used as received without further purification. Perchlorate salts of metal ion complexes were purchased from Strem Chemical Corporation.
general synthetic procedure 2-[4-(2-aminoethylthio)butylthio]ethanamine (C4) synthetic strategy
The synthetic method of C4 was designed following our previous report. 22 Nucleophilic substitution of 2-aminoethanethiol hydrochloride and tetramethylene dibromide using sodium methoxide as a base provided yellow oil of C4 63%. helicene-7,9-dione (M201) synthetic strategy M201 was synthesized using the same synthetic route as in a previous report. 23 Concisely, a Diels-Alder reaction of diene and maleic anhydride, .00 mmol) and pyridine hydrochloride (63.00 g, 54.60 mmol) were mixed together in a 100 mL round bottom flask and stirred at 220°C for 6 hours. Next, the homogeneous reaction mixture was poured into vigorous stirring of deionized water (1 L) while still hot. A yellow solid developed and the resulting residue was continuously stirred for 1 hour. The filtered yellow solid was collected, washed by 1 L of deionized water, and dried to obtain M202 as the product in the quantitative yield (99%). 
MC4 sensor synthetic strategy
The C4 (0.026 g, 0.12 mmol) and potassium carbonate (0.069 g, 0.50 mmol) were dissolved in dry dimethylformamide (2.0 mL) and then the solution mixture was stirred for 30 minute. After that, M202 (0.096 g, 0.25 mmol) was added into the reaction flask. The reaction mixture was stirred at 110°C for 2 hours. Then, the solvent was removed under a vacuum system. The residue was extracted with ethyl acetate (3 × 20 mL) and deionized water (20 mL). The organic phase was dried over anhydrous sodium sulfate, filtered and removed the solvent under vacuum system. After that, the crude product was purified by preparative thin layer chromatography using ethyl acetate:hexane (3:1 v/v) as mobile phase (R f = 0.32) to obtain MC4 as an orange solid 101 mg (87%). were prepared in deionized water. Absorbance and fluorescent measurements were examined in quartz cuvette (1 × 1 cm). The fluorescent excitation was operated at 337 nm with excitation and emission spectral band pass of 5.0 nm and scan speed of 300 nm/minute.
Bioimaging experiments
Prior to the experiment, HepG2 cells were cultured in 96 well plate for 48 h in Dulbecco's modified eagle medium (DMEM) supplemented with 10% phosphate buffered saline (PBS buffer). The sensor MC4 was dissolved in dimethyl sulfoxide (DMSO), then diluted in PBS buffer to obtain a final concentration of 50 µM (10% DMSO in PBS buffer). Cells were incubated in 50 µM of fluorophore MC4 for 30 min followed by twice PBS buffer washed, and further incubated in 0 or 50 µM of AgNO 3 for 2 h before being visualized.
RESULTS AND DISCUSSION
Syntheses of MC4 and molecular design
The synthetic route of MC4 is depicted in Fig. 1 . The MC4 sensor was synthesized via nucleophilic substitution and an imidation reaction. First, nucleophilic substitution of 2-aminoethanethiol hydrochloride and tetramethylene dibromide in the presence of sodium methoxide afforded C4 (63% yield). MC4 was then achieved in 83% yield through an imidation reaction of C4 and M202 using potassium carbonate as a base. According to the Pearson acid-base concept, Ag + and sulfur atom are "soft acid" and "soft base", respectively. Binding between Ag + and sulfur atom is favored. Due to the thiophilic nature of the C4 containing sulfur atom, C4 was used as an ionophore for coordination with Ag + . Meanwhile, [5] helicene anhydride derivative (M202) was employed as fluorophore due to its intense fluorescence in the visible wavelengths and large Stokes shift. Additionally, hydroxy groups in the M202 induced hydrosoluble behavior in the sensor. As a result, the designed sensor with M202 had higher watersolubility compared to that of our first generation Ag + sensor based on M201. 24 The water solubility of the sensor could make M202 valuable in terms of application in biological samples.
Effect of water on the fluorescent emission behavior
For practical detection of Ag + in the aqueous samples, the effect of water on the fluorescent emission of MC4 was investigated in ethanol solutions since an ethanol-water mixture was more favorable to the environment compared to pure ethanol. As can be seen in Fig. 2a , the fluorescent intensity of MC4 gradually increased with increasing amounts of water. In the presence of Ag + , the fluorescent intensity of the sensor was significantly turned on when the quantity of water was 40 -60% (Fig. 2b) . From this experiment, it was found that an optimal system of 60% (v/v) water/ ethanol was suitable for sensitivity and selectivity studies. 
Sensitivity study of the MC4 sensor
The spectroscopic behaviors of MC4 and MC4-Ag + were determined in 60% aqueous ethanol. The absorption spectra in the UV-Vis region of the sensor exhibited an absorption band at 337 nm with a shoulder of 420 nm (Fig. 3) . Meanwhile, the fluorescent emission in the presence of Ag + was observed at 550 nm (λex 337 nm) with a very expansive Stokes shift of 213 nm. This large Stokes shift could avoid interferences from self-absorption and auto-fluorescence, making the sensor suitable for many applications including optical portable device and biological samples. Upon increasing the Ag + concentration, the fluorescent signal of the sensor was gradually turned on rougly 4-fold, operating by the photoinduced electron transfer (PET) process. Concisely, weak fluorescent emission of MC4 was observed due to the PET by the sulfur atom in the molecule. It could be noted that the electron from the HOMO of MC4 was excited to the LUMO which allowed PET from sulfur to fluorophore, resulting in the fluorescent turn off (Fig. 5) . However, the fluorescent "turn on" was observed upon addition of Ag The detection limit (LOD) of MC4 was calculated by the 3σb/m equation, where σb is the standard deviation of the blank signal, and m is the slope of linear correlation between the fluorescent intensities and Ag + concentrations. The calculated LOD of MC4 was estimated to be 2.9 × 10 -7 M or 32 ppb. According to the maximum permissible contaminant level of Ag + concentration in drinking water as regulated by the U.S. EPA, the LOD of MC4 for detection of Ag + was below the acceptable concentration for drinking water (100 ppb). Moreover, compared to previous Ag + sensors [25] [26] [27] [28] , the LOD of this sensor was remarkably superior (Table 1 ). This suggested that the sensor not only exhibited a high sensitivity in aqueous media but also provided "Turn-On" fluorescent behavior that was suitable for detection of Ag + in the various environmental samples. 
Binding studies
Stoichiometry of the MC4-Ag + complex was evaluated by Job's plot analysis (Fig. 6) . When the correlated fluorescent intensity reached a peak, the molar fraction of MC4 was found to be 0.5, suggesting that the possible stoichiometric ratio for MC4-Ag + complex was 1:1. This stoichiometric ratio was also supported by the association constant (Kassoc) of 1.98 × 10 4 M -1
, calculated using a Benesi-Hildebrand plot 29 , indicating a strong interaction between sensor and Ag + . ) in 60% aqueous ethanol. As can be seen in Fig. 8 , it was found that only Ag + could enhance the fluorescence of the sensor, corresponding to PET suppression. In contrast, other metal ions could not induce any fluorescent enhancement of the sensor. According to the 1:1 stoichiometry of MC4-Ag + complex, structure of the MC4-Ag + was designed. Both optimized geometries of MC4 and MC4-Ag + at the DFT-B3LYP level with 6-311G** and LanL2DZ basis set for main group element 30 and Ag + , 31 were illustrated in Fig. 7a and Fig. 7b , respectively. The optimized structures of MC4-Ag + showed that Ag + was assembled well in the core of the MC4 which exhibited a nearly planar geometry. Ag + was also coordinated by two sulfur atoms and an oxygen atom with lengths of 2.60, 2.72 and 2.37 Å, respectively. These observations suggested that the electrostatic interactions between sulfur atoms and Ag + were favorable and were operated through a cation-dipole interaction, resulting in selective chelation between sensor and Ag + . The fluorogenic change of MC4 in the presence of various metal ions was also explored under UV light. As can be seen in Fig. 10 , the fluorescent turn-on was observed in the presence of Ag + only, and not in the presence of the other metal ions. provided negligible intracellular fluorescence. When Ag+ was taken into the cells, a remarkable, bright green fluorescence was observed (Fig. 11) . It was demonstrated that MC4 was efficient in screening for Ag + in biological cells, suggesting that MC4 can permeate in cells with excellent biocompatibility.
Selectivity study of the MC4 sensor
CONCLUSION
A hydrosoluble Ag + fluorescent sensor MC4 with very large Stokes shift (213 nm) was designed and synthesized with two steps of simple reaction. This "turn on" sensor was highly selective and sensitive toward Ag + in aqueous ethanol solution. Moreover, its detection limit (32 ppb) was low enough for quantitative detection of Ag + in drinking water specified by U.S. EPA (100 ppb). The good hydrosoluble of sensor also provided cell permeation which allowed Ag + intracellular screening in HepG2 cells. Therefore MC4 had good potential for biological samples. More importantly, the detection of Ag + with MC4 was based on green chemistry and environmental friendly. 
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